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Following fertilization, the oocyte remodels the sperm chromatin into the male pronucleus. As a component of this process,
during meiotic maturation, oocytes develop an activity that transfers histones onto sperm DNA. To further characterize this
activity, we tested whether oocytes at different stages of growth could, upon entry into metaphase of maturation, transfer
histones onto sperm DNA, as judged by chromatin morphology and immunocytochemistry. Meiotically competent growing
oocytes, which spontaneously enter metaphase upon culture, tranferred histones onto sperm chromatin, whereas
incompetent oocytes did not, even when treated with okadaic acid to induce germinal vesicle breakdown (GVBD) and
chromosome condensation. When incompetent oocytes were cultured until they acquired the ability to undergo GVBD,
only a small proportion also developed histone-transfer activity during maturation. However, this proportion significantly
increased when the oocytes were cultured as granulosa–oocyte complexes. The failure of histone-transfer activity to develop
in incompetent oocytes treated with okadaic acid was not linked to low H1 kinase activity nor rescued by injected histones.
Because competent, but not incompetent, oocytes produce natural calcium oscillations, incompetent oocytes were exposed
to SrCl2. One-third of treated oocytes produced at least one Ca21 oscillation and, following insemination, the same
proportion transferred histones onto sperm DNA. Histone transfer did not occur in oocytes pretreated with the Ca21
chelator, BAPTA-AM. These results indicate that the ability to develop histone-transfer activity is acquired by growing
oocytes near the time of meiotic competence, that it is separable from this event, and that it may be regulated through a
Ca21-dependent process. © 2001 Elsevier Science
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A critical early step of mammalian embryogenesis is
the conversion of the genome of the sperm into the
paternal genome of the embryo that, in concert with the
maternal genome, will direct embryonic development.
This functional change is the outcome of extensive
morphological and molecular remodeling of the sperm
chromatin within the oocyte cytoplasm (Longo, 1973;
Wright and Longo, 1988). Remodelling can be divided
into three phases (Clarke and Masui, 1986). Upon entry
into the egg cytoplasm, the sperm chromatin initially
becomes dispersed. This process appears to require re-
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All rights reserved.moval of the sperm nuclear envelope and reduction by
oocyte-supplied glutathione of disulfide bonds that cross-
link the sperm nuclear proteins (Adenot et al., 1991;
Longo, 1973; Perreault, 1990; Perreault et al., 1988;
Sutovsky and Schatten, 1997; Wright and Longo, 1988).
Shortly thereafter, at approximately telophase II of oo-
cyte meiosis, the chromatin recondenses into a small
mass. Dispersion and recondensation coincide with re-
moval of sperm-specific protamines and assembly of
oocyte-supplied histones onto the paternal chromatin
(Ecklund and Levine, 1975; Kopecny and Pavlok, 1975;
Naish et al., 1987; Nonchev and Tsanev, 1990; Rodman
et al., 1981). Following this nucleoprotein exchange, the
chromatin becomes highly decondensed within the male
pronucleus, and DNA replication ensues. Hence, mor-
phological and biochemical remodelling converts the
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196 McLay, Carroll, and Clarkestructurally unique and genetically inert sperm chroma-
tin into replication- and transcription-competent pater-
nal embryonic chromatin.
The oocyte activity that controls remodelling has been
characterized in Xenopus. Unlike the case in mammals,
sperm of Xenopus contain histones H3 and H4 in addition
to the sperm-specific basic proteins termed X and Y,
whereas histones H2A and H2B are absent (Mann et al.,
1982). Following fertilization, proteins X and Y are rapidly
removed and replaced by H2A and H2B. This nucleoprotein
exchange requires nucleoplasmin, an acidic protein that is
abundant in the nucleus (germinal vesicle) of the oocyte and
is released into the cytoplasm during meiotic maturation
(reviewed by Laskey et al., 1993). Nucleoplasmin binds
proteins X and Y with a very high affinity and H2A and H2B
with a lower affinity.
Immunodepletion of nucleoplasmin from egg extracts
inhibits the assembly of DNA into nucleosomes, confirm-
ing its essential role in sperm remodelling (Philpott et al.,
1991). These properties suggest a model in which nucleo-
plasmin attracts X and Y from sperm chromatin and re-
leases H2A and H2B which can then associate with the
chromatin (Philpott and Leno, 1992). Another acidic oocyte
protein, N1, binds to histones H3 and H4 and is required for
nucleosome assembly from DNA in egg extracts (Dilworth
et al., 1987), although its role in sperm chromatin remod-
elling is not established.
In other organisms, much less is known of the oocyte
activity that controls remodelling. In mammals, previous
studies have focused on the development of this activity
during the latter stages of oogenesis. When fully grown
oocytes arrested at prophase I are inseminated, no detect-
able changes occur in the sperm chromatin (Clarke and
Masui, 1986; Usui and Yanagimachi, 1976), indicating that
oocytes at this stage do not possess remodelling activity
[although demembranated sperm injected into the oocyte
germinal vesicle do become dispersed (Maeda et al., 1998),
which may indicate that the nucleus harbours some activ-
ity]. In contrast, when oocytes undergoing meiotic matura-
tion are inseminated, the sperm chromatin becomes dis-
persed and then recondensed, as occurs during normal
fertilization (Clarke and Masui, 1986; McLay and Clarke,
1997). Because maturing oocytes are not activated by sperm
penetration, they arrest at metaphase II and the sperm
chromatin remains condensed and may form chromosome-
like threads (Clarke and Masui, 1986). If the mature oocytes
are then parthenogenetically activated, both the maternal
chromosomes and the recondensed paternal chromatin de-
condense in separate pronuclei and undergo DNA replica-
tion (McLay and Clarke, 1997). Hence, a remodelling activ-
ity as assayed by morphological changes develops during
meiotic maturation.
Underlying the morphological remodelling of the chro-
matin are extensive molecular changes. Core histones
(H2B; McLay and Clarke, 1997) are not detectable during
the initial phase of chromatin dispersion. Transition to the
recondensed state is accompanied by assembly of immuno-
© 2001 Elsevier Science. Adetectable histones onto the sperm chromatin. This link
between chromatin condensation and histone assembly is
consistent with previous studies of normal fertilization
(Ecklund and Levine, 1975; Kopecny and Pavlok, 1975;
Naish et al., 1987; Nonchev and Tsanev, 1990; Rodman et
al., 1981). Inhibition of protein synthesis during maturation
prevents the morphological transition from the dispersed to
the condensed state, as well as the assembly of immunode-
tectable histones onto the chromatin, even when the his-
tones have been supplied exogenously by microinjection
(McLay and Clarke, 1997). Thus, an activity that assembles
histones onto sperm chromatin, which may be termed
histone-transfer activity (HTA), develops by a protein
synthesis-dependent mechanism during oocyte meiotic
maturation.
The molecular nature of mammalian HTA is unknown.
Notably, a mammalian nucleoplasmin has not yet been
reported. It is clear, however, that although fully grown
oocytes at prophase I do not possess HTA, they do possess
the ability to develop HTA during meiotic maturation.
Furthermore, the ability to undergo meiotic maturation,
termed meiotic competence, is acquired by oocytes in a
multistep manner during their growth phase (Bachvarova et
al., 1980; Eppig, 1977; Sorensen and Wassarman, 1976). We
therefore tested whether the ability to develop HTA also
was acquired during growth; specifically, coordinately with
meiotic competence. Incompetent and competent growing
oocytes were stimulated to begin meiotic maturation, in-
seminated, and their ability to assemble histones onto the
sperm chromatin examined. The results indicate that grow-
ing oocytes acquire the ability to develop HTA near the
time that they achieve meiotic competence, that these two
developmental events are experimentally separable, and
that intracellular Ca21 oscillations promote the acquisition
of the ability to develop HTA.
MATERIALS AND METHODS
Oocyte Collection
Shortly after birth, a large cohort of oocytes enters the growth
phase and proceeds synchronously until reaching full-size at about
21 days of age (Eppig, 1977; Sorensen and Wassarman, 1976). Thus,
large numbers of oocytes at successively more advanced stages of
growth can be obtained from juvenile mice as they age. Growing
oocytes obtained from mice approximately 15 days or younger have
not yet achieved meiotic competence, whereas those from mice
older than 15 days are meiotically competent (Bachvarova et al.,
1980; Eppig, 1977; Sorensen and Wassarman, 1976).
Meiotically competent growing oocytes were collected by fol-
licular puncture from the ovaries of 17-day CD-1 female mice
(Charles River Canada) and incubated in 5-mL microdrops of
bicarbonate-buffered medium M199 (Life Technologies, Grand
Island, NY) under oil at 37°C in an atmosphere of 5% CO2 in air,
hereafter designated the standard conditions. Those oocytes that
had undergone germinal vesicle breakdown (GVBD) after 3 h were
designated as meiotically competent. Fully grown oocytes were
collected by the same procedure from the ovaries of 21-day mice.
ll rights reserved.
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two procedures. For experiments assaying HTA following treat-
ment with okadaic acid, strontium, BAPTA-AM, or histone injec-
tion, namely those listed in Tables 1 and 3, oocytes were collected
by follicular puncture. Oocytes were harvested from ovarian fol-
licles of 14-day CD-1 female mice and incubated in 5-mL micro-
drops of M199 (Life Technologies) under standard conditions.
Those oocytes that retained a germinal vesicle (GV) after overnight
(18 h) incubation were designated meiotically incompetent. For the
H1 kinase assay, as well as the in vitro culture of denuded oocytes
to meiotic competence, oocytes were collected by enzymatic
digestion. Ovaries from 14-day CD-1 mice were collected in 2 mL
PBS and each torn into five or six pieces. Collagenase (2 mg/mL,
Sigma-Aldrich Canada, Ltd., Oakville, ON), DNase (20 mg/mL,
Roche Diagnostics, Laval, QC), and trypsin (0.025%, Sigma) were
added and the mixture was shaken at 450 rpm in a G24 Environ-
mental Incubator Shaker (New Brunswick Scientific Co., Inc.,
Edison, NJ) for 10 min at 37°C. Two milliliters of prewarmed
Hepes-buffered MEM (MEM-H) was added to the shaken slurry and
granulosa-free oocytes containing a GV were collected and washed.
Oocytes were transferred to microdrops of M199. Those oocytes
that retained a GV after overnight (18 h) incubation were desig-
nated meiotically incompetent. Incompetent oocytes collected by
either method yielded similar results when the HTA assay was
performed following treatment with okadaic acid and in vitro
culture to meiotic competence (data not shown).
To collect granulosa-oocyte complexes (GOCs), ovaries from
14-day CD-1 mice were collected in 2 mL PBS and each torn into
five or six pieces. Collagenase (2 mg/mL) and DNase (20 mg/mL)
were added to the PBS plus ovaries, and the mixture shaken at 230
rpm for 14 min at 37°C. Two milliliters of prewarmed MEM-H was
added to the shaken slurry. Oocytes surrounded by at least one
intact layer of granulosa cells were collected, then washed in
MEM-H before incubation in M199 under standard conditions.
Insemination
Oocytes that had undergone GVBD were exposed to acidified (pH
2.5) Tyrode’s medium to remove the zona pellucida and then
transferred to a well containing 450 mL IVF-MEM (MEM containing
4 mg/mL freshly added BSA). The epididymes from one B2F6F1
hybrid male, aged 13 weeks, were removed, transferred to a dish
containing 450 mL of IVF-MEM, and punctured to release mature
sperm. The dish was incubated under the standard conditions for
30 min, then the epididymes were removed and the suspension was
returned to the incubator and incubated for an additional 1.5 h.
Sperm were added to the oocyte-containing well at a concentration
of 8 3 104 mL21 and insemination was allowed to occur for 1.5 h.
After insemination, sperm adhering to the surface of the oocyte
were removed by gentle aspiration in a micropipette. Oocytes were
incubated in M199 microdrops overnight.
Immunocytochemistry
Oocytes were fixed in freshly prepared 2% paraformaldehyde
(Sigma) in PBS for 10 min. Immunocytochemistry was performed as
previously described (Clarke et al., 1992). Histones were detected
by using either a commercially available mouse anti-pan histone
(detects core histones and H1) antibody (dilution 1:1000; Chemicon
International, Inc., Temecula, CA), or an anti-H2B antibody (dilu-
tion 1:50) kindly supplied by Dr. Michael Bustin (NIH). This
antibody has previously been shown to be specific for histone H2B
© 2001 Elsevier Science. A(Bustin, 1989). The secondary antibody was conjugated to fluores-
cein isothiocyanate (FITC; BioCan Scientific, Mississauga, ON).
Stained oocytes were mounted in Moviol containing 100 mg/mL
49,6-diamidine-2-phenylindoldihydrochloride (DAPI; Roche) and
viewed with an Olympus BX60 microscope with UV attachment
connected to a Cytovision System (Applied Imaging, Santa Clara,
CA).
Only monospermic oocytes were included for analysis except for
the experiments involving meiotically competent growing oocytes
and meiotically incompetent oocytes treated with okadaic acid, in
which mono-, di-, and trispermic oocytes were included. We have
previously shown that maturing oocytes are able to remodel up to
three sperm nuclei (Clarke and Masui, 1986).
Treatment with Okadaic Acid
Incompetent oocytes were transferred to 5-mL microdrops of
M199 containing 2 mM okadaic acid (Sigma) and incubated under
standard conditions for 2 h. Oocytes were then incubated overnight
in drug-free M199 and those that underwent GVBD were used for
experiments. Fully grown meiotically competent oocytes were
incubated in 5-mL microdrops of M199 containing 2 mM okadaic
acid for 2 h. Oocytes were then transferred to okadaic acid-free
M199 and incubated one additional hour to allow meiosis to
resume. Those that underwent GVBD were used for experiments.
In Vitro Culture of Meiotically Incompetent
Oocytes to Competence
Granulosa-free oocytes collected from 14-day mice were incu-
bated in microdrops of M199 containing 200 mM dibutyryl cyclic
AMP (dbcAMP; Roche) under the standard conditions for approxi-
mately 72 h. The oocytes were then washed, transferred to
dbcAMP-free M199, and incubated overnight. Oocytes that under-
went GVBD were used for experiments.
GOCs collected from 14-day mice were incubated in microdrops
of M199 containing 200 mM dbcAMP under the standard condi-
tions for 3 days. On the third day, oocytes were stripped of
surrounding granulosa cells, washed, then incubated in dbcAMP-
free M199 overnight under standard conditions. Oocytes that
underwent GVBD were used for experiments. To confirm that
oocytes within GOCs were meiotically incompetent at the time of
collection, we denuded a group of oocytes, cultured them overnight
in dbcAMP-free M199, and then scored for the presence of a GV.
We found that 105 of 112 (94%) oocytes contained a GV, suggesting
that the vast majority of oocytes were meiotically incompetent
prior to culture as GOCs.
H1 Kinase Assay
Oocyte H1 kinase activity was assayed in vitro by the transfer of
radiolabelled phosphate onto exogenously supplied histone H1.
The assay was as outlined by de Vantery and colleagues (1996),
except that protease inhibitor cocktail (Sigma: P8340) was added at
1/10003 to the homogenization buffer, and at 1/5003 to the
reaction buffer. Briefly, oocytes were collected, exposed to acidified
(pH 2.5) Tyrode’s medium, then lysed in 10 mL homogenization
buffer in a microfuge tube. Samples were stored at 270°C until
needed. To start the assay, 10 mL reaction buffer was added to
thawed samples and the reaction incubated at 37°C for 20 min. The
reaction was terminated by addition of 20 mL 23 electrophoresis
buffer (100 mM Tris, pH 6.8, 200 mM dithiothreitol, 4% SDS, 0.2%
ll rights reserved.
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3 min. The samples were electrophoresed through a 15% SDS–
polyacrylamide gel, stained with Coomassie, and dried under
vacuum. The gel was then exposed to Kodak X-omat film for 16 h.
Following film development, bands representing radiolabelled his-
tone H1 were quantified by using NIH IMAGE software, which
plots position vs signal intensity. For each film, the size of the area
from which the signal was measured was the same for each
treatment group. Raw data were then transformed to a ratio by
using the GV value as the denominator. The average of eight trials
is presented (three trials for GOC treatment). Statistical analysis
was by Student’s t test between all pairs of averages. Results were
generated using measurements from both a large area (“wide cut”)
and small area (“narrow cut”) and compared. Both gave the same
results statistically; the reported data are derived from the large
area measurements.
Microinjection of Histones
Granulosa-free oocytes collected from 14-day mice were incu-
bated overnight. Those that retained a GV were treated with
okadaic acid then incubated overnight to allow meiosis to resume.
The next day, approximately 10 pL of a 1-mg/mL solution of core
histones (Roche) in PBS was microinjected into the cytoplasm of
oocytes that undergone GVBD by using a Leitz Labovert FS
microscope with Leitz M-type micromanipulators (Leica Canada,
Montreal, QC). Injected oocytes were transferred to microdrops of
M199 and incubated for 2 h before insemination.
Induction and Visualisation of Ca21 Oscillations in
Incompetent Oocytes
Ca21 oscillations in immature oocytes were triggered using
SrCl2, as previously described for mature eggs (Bos-Mikich et al.,
1995; Fraser, 1987; Wakayama et al., 1997). For this series of
experiments only, oocytes were recovered from the ovaries of
15-day-old MF1 mice in M2 and cultured overnight in MEM
containing 5% fetal calf serum. Oocytes that had undergone
GVBD were removed from the culture and those remaining were
taken for the measurement of intracellular Ca21. To load Fura 2,
oocytes were incubated for 20 min in 2 mM Fura 2 AM at 37°C.
After loading, the zona pellucida was removed by brief exposure to
acidified Tyrode’s before the oocytes were pipetted into a chamber
containing M2 at 37°C. Fura 2 was excited at 340 and 380 nm and
fluorescence collected at .510 nm by using a cooled CCD camera
controlled by Newcastle Photometrics software. The data are
presented as the change in the ratio of emission at 340 and 380 nm.
To determine the effects of SrCl2, Ca21-free M2 containing 10 mM
SrCl2 was perfused into the chamber after it was established that no
spontaneous Ca21 oscillations were occurring.
To test the effect of SrCl2 on the response to okadaic acid,
oocytes were collected from 15-day mice and incubated in M199
overnight under the standard conditions. Those oocytes still pos-
sessing an intact GV were transferred to Ca21-free MEM containing
10 mM SrCl2 (Sigma) and incubated for 6 h. Controls were
incubated in the absence of SrCl2. Both groups were then incubated
for an additional 2 h in M199 containing 1 mM okadaic acid, then
overnight in okadaic acid-free M199 under the standard conditions.
Oocytes were fixed in 10% formalin, then mounted in Moviol
containing 1 mg/mL DAPI, and viewed using fluorescence micros-
copy.To test the effect of SrCl2 on the development of histone transfer
© 2001 Elsevier Science. Aactivity, oocytes collected from 14-day mice were incubated in
M199 overnight under the standard conditions. Those oocytes still
possessing an intact GV were transferred to Ca21-free MEM con-
taining 10 mM SrCl2 (Sigma) and incubated for 6 h. Oocytes were
then transferred to 1 mM okadaic acid in M199 and incubated an
additional 2 h. Oocytes were washed and incubated in okadaic
acid-free M199 overnight under standard conditions, and those that
entered metaphase were inseminated. In control experiments,
prophase I-arrested oocytes were preincubated in MEM containing
10 mM BAPTA-AM, which blocks intracellular Ca21 oscillations,
for 30 min under the standard conditions, then exposed to SrCl2
and inseminated as described above.
RESULTS
Ability to Develop HTA Is Correlated with Meiotic
Competence
The acquisition of meiotic and developmental compe-
tence by oocytes is a complex process involving multiple
steps. For the current experiments, we have defined meiotic
competence as the ability of the oocyte to undergo germinal
vesicle breakdown and chromosome condensation, as seen
by staining with DAPI. To test whether growing oocytes
that had achieved meiotic competence could develop HTA
following entry into metaphase, these were collected from
17-day mice, placed in culture overnight to permit meiotic
maturation, inseminated, and then incubated for 18 h.
Approximately three-quarters of the oocytes underwent
GVBD in vitro, confirming that they were meiotically
competent. Following insemination and incubation, the
sperm chromatin in these oocytes became condensed into a
small mass and was stained by the anti-histone H2B anti-
body (Fig. 1; Table 1, column 1). Thus, growing oocytes that
had achieved meiotic competence developed HTA follow-
ing entry into metaphase.
Incompetent oocytes by definition do not spontaneously
enter metaphase when incubated in vitro; however, they
will do so when briefly treated with okadaic acid, an
inhibitor of type-2 phosphatases (Chesnel and Eppig, 1995a;
Gavin et al., 1991). To first test whether exposure to
okadaic acid affected the development of HTA in compe-
tent oocytes, these were collected from 21-day mice, incu-
bated in medium containing okadaic acid for 2 h, during
which time they underwent GVBD, then inseminated and
incubated in okadaic acid-free medium overnight. Follow-
ing fixation and processing for immunofluorescence, the
maternal chromatin of some oocytes appeared as a single
uniformly staining sphere, suggesting that okadaic acid
treatment may induce the maternal chromosomes to coa-
lesce into a single body, consistent with previous reports
(Carabatsos et al., 2000). Regardless of the state of the
maternal chromatin, the sperm chromatin in the oocytes
was recondensed and was stained by the anti-H2B antibody
(Table 1, column 2). Thus, exposure to okadaic acid for 2 h
did not inhibit the development of HTA in competent
oocytes.To test whether meiotically incompetent oocytes could
ll rights reserved.
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incubated for 2 h in medium containing okadaic acid, then
incubated in okadaic acid-free medium overnight. The next
day, those that had undergone GVBD were inseminated and
FIG. 1. Remodelling of sperm chromatin in meiotically compe-
tent growing oocytes (A, B) and meiotically incompetent oocytes
(C, D). Oocytes were inseminated and incubated, then fixed and
stained using DAPI (A, C) and an anti-histone H2B antibody (B, D).
In competent oocytes, sperm chromatin (arrow) is condensed (A)
and contains immunodetectable histone H2B (B). In incompetent
oocytes, sperm chromatin (arrow) remains dispersed (C) and lacks
detectable histone H2B (D). Maternal chromatin (arrowheads, inset
in C and D) is arranged on metaphase plate and is stained by the
anti-H2B antibody in both cases. Bar in (D) represents 10 mm.
TABLE 1
Remodelling of Sperm Chromatin by Meiotically Incompetent and
Sperm chromatin:
Morphology and histone
immunoreactivity
1 2
Competent
Competent 1
OA
Incom
O
Dispersed and negative 0 2
Partly recondensed and/or
weakly immunoreactive
3 0
Recondensed and positive 28* 29*
Total 31 31
Note. Oocytes were treated as indicated and described in the text,
evaluation of DAPI-stained DNA and immunofluorescent detectio
exposure to 10 mM SrCl followed by 2-h exposure to 1 mM okadai2
oocyte followed by 2-h exposure to 2 mM okadaic acid. *, Significant (x
© 2001 Elsevier Science. Aincubated for 18 h, then processed as above. Approximately
one-quarter of the okadaic acid-treated oocytes underwent
GVBD. In all cases, the maternal chromatin had condensed
into chromosomes or a single chromatin body, confirming
entry into metaphase. In the large majority of the oocytes,
however, the sperm chromatin had not recondensed but
rather remained dispersed and did not contain immunode-
tectable histone H2B (Fig. 1; Table 1, column 3). In rare
cases, the sperm chromatin was partially recondensed al-
though it was not stained by the anti-histone H2B antibody.
Thus, most incompetent oocytes that entered metaphase
following okadaic acid treatment failed to develop HTA.
These results suggested that the ability of oocytes to
develop HTA following GVBD was correlated with meiotic
competence.
Ability to Develop HTA Is Separable from Meiotic
Competence
To further probe the link between the ability to develop
HTA and meiotic competence, incompetent oocytes were
cultured under conditions that permit the acquisition of
competence (Chesnel et al., 1994). In the first series of
experiments, the collected oocytes were stripped of sur-
rounding granulosa cells and incubated for 3 days in me-
dium containing dbcAMP. Forty-seven percent of the oo-
cytes entered metaphase following transfer to dbcAMP-free
medium, indicating they had gained meiotic competence.
Following insemination, in a small portion of these oocytes,
the sperm chromatin condensed to a small mass and ac-
quired immunoreactive histones (Table 2). In the majority
of cases, however, the sperm chromatin remained dispersed
and nonimmunoreactive. Thus, most oocytes that acquired
meiotic competence during culture did not also acquire the
ability to develop HTA.
In the second series, we cultured oocytes enclosed by at
least one intact layer of granulosa cells, as culture of
petent Oocytes
Treatment group
4 5 6
t 1 Incompetent 1
OA 1 histones
Incompetent 1
SrCl2 1 OA
Incompetent 1
BAPTA 1 SrCl2 1 OA
13 18 13
1 2 0
1 9* 0
15 29 13
minated and incubated, then fixed and processed for morphological
istones. OA: 2-h exposure to 2 mM okadaic acid; SrCl2 1 OA: 6-h
d; OA 1 histones, 10 pg histone (core 1 linker) microinjected intoCom
3
peten
A
28
4
1
33
inse
n of h
c aci2, P , 0.025) compared to incompetent growing oocyte 1 OA.
ll rights reserved.
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plexes (GOCs) improves the development of the oocyte
(Carroll et al., 1991; Eppig and O’Brien, 1996; Hirao et al.,
1993; Johnson et al., 1995). GOCs were cultured for 3 days
in the presence of dbcAMP, following which the granulosa
cells were removed and the denuded oocytes transferred to
dbcAMP-free medium. Fifty-four percent of oocytes under-
went GVBD and formed condensed chromosomes, indicat-
ing that they had achieved competence. Following insemi-
nation, in half of the oocytes the sperm chromatin became
recondensed and acquired immunoreactive histones (Fig. 2;
Table 2). In the remaining cases, the sperm chromatin
remained dispersed and nonimmunoreactive. Thus, when
incompetent oocytes were cultured in the presence of
surrounding granulosa cells, significantly more (x 2, P ,
0.001) of the oocytes that achieved competence also ac-
quired the ability to develop HTA.
Taken together, these results suggest that oocytes nor-
mally acquire the ability to develop HTA during the period
when the achieve meiotic competence. However, these
events are separable, indicating that other factors are re-
quired for oocytes to acquire the ability to develop HTA.
Therefore, we looked for differences between incompetent
and competent oocytes that might underlie the ability to
develop HTA.
Inability to Develop HTA Is Not Due to Low H1
Kinase Activity
Incompetent oocytes contain less of the cell cycle regu-
lator, cdc2 kinase, than competent oocytes (Kanatsu-
Shinohara et al., 2000), and an increase in cdc2 kinase
quantity probably contributes to the acquisition of meiotic
competence (de Vantery et al., 1996). Similarly, incompe-
TABLE 2
Remodelling of Sperm Chromatin by Oocytes Cultured to
Meiotic Competence in Vitro
Sperm chromatin:
Morphology and histone
immunoreactivity
Oocyte culture conditions
As granulosa-
free oocytes
In granulosa-oocyte
complexes
Dispersed and negative 27 6
Partly recondensed and/or
weakly immunoreactive
4 6
Recondensed and positive 5 13*
Total 36 25
Note. Incompetent oocytes surrounded by an intact layer of
granulosa cells (granulosa-oocyte complex) or without surrounding
cumulus cells were cultured as described by Chesnel et al. (1994).
Those that acquired meiotic competence were inseminated and
incubated to allow sperm chromatin remodeling, then analyzed as
in Table 1. *, Significantly different (x 2, P , 0.001) compared to
culture without granulosa cells.tent oocytes exposed to okadaic acid manifest a variable
© 2001 Elsevier Science. Aincrease in cdc2 kinase activity, measured as H1 kinase
activity in vitro, upon entry into metaphase (de Vantery
Arrighi et al., 2000; de Vantery et al., 1996; Gavin et al.,
1994). Hence, the failure of incompetent oocytes treated
with okadaic acid or cultured to competence in the absence
of granulosa cells to develop HTA might be linked to very
low H1 kinase activity. To test this, we compared the H1
kinase activity in incompetent oocytes treated with oka-
daic acid or cultured to competence with that of competent
oocytes.
All treatments, including okadaic acid, produced a sig-
nificant (t test, P , 0.025) increase in H1 kinase activity as
compared with the basal level in prophase I-arrested oo-
cytes (Fig. 3). The mean increase in activity seen in incom-
petent oocytes treated with okadaic acid or cultured to
competence was not significantly different from the mean
increase seen in mature eggs arrested at metaphase II.
Moreover, in three of eight separate trials, the level of H1
kinase activity in incompetent oocytes treated with oka-
daic acid was equal or greater to the activity found in
mature eggs (data not shown). These results imply that the
inability of incompetent oocytes treated with okadaic acid,
FIG. 2. Remodelling of sperm chromatin in oocytes following in
vitro acquisition of meiotic competence or following treatment
with SrCl2. (A, B) Incompetent oocytes surrounded by an intact
layer of granulosa cells were cultured for 3 days, then inseminated
and incubated. Sperm chromatin (arrow) is condensed (A) and
contains immunodetectable histone (B). Maternal chromatin (ar-
rowhead) is arranged on a metaphase plate and is stained by the
anti-histone antibody. (C, D) Incompetent oocytes were treated
with 10 mM SrCl2 followed by 1 mM okadaic acid, then insemi-
nated and incubated as above. Sperm chromatin (arrow) is con-
densed (C) and contains immunodetectable histone (D). Maternal
chromatin (arrowhead) has coalesced into a sphere that is stained
by the anti-histone antibody. Bar in (D) represents 10 mm.
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GVBD was not due to a low H1 kinase activity.
Inability to Develop HTA Is Not Rescued
by Injected Histones
The growing oocyte accumulates numerous proteins,
including the histones that are assembled onto the sperm
chromatin after fertilization (Wassarman and Letourneau,
1976; Wassarman and Mrozak, 1981). To test whether the
oocytes that failed to develop HTA lacked a sufficient
supply of histones, incompetent oocytes were injected with
10 pg of purified histones, which represents about 2 genome
equivalents (Kornberg, 1977; Mann, 1962). It has previously
been shown that, when purified histones are microinjected
into fully grown oocytes, they become associated with
sperm DNA following insemination (McLay and Clarke,
1997). The injected oocytes were treated with okadaic acid
and inseminated as described above. In 14 of 15 oocytes, the
sperm DNA remained dispersed, and 13 of these 14 dis-
persed sperm chromatin bodies did not contain immunode-
tectable histones (Table 1, column 4). Thus, even when
exogenous histones were supplied, incompetent oocytes
FIG. 3. Histone H1 kinase activity in oocytes under various trea
transformed to a proportion of the value obtained from prophase I-
from all trials. Error bars represent one standard deviation. Analysi
were significantly (P , 0.025) different from the GV value, but
M-phase following exposure to 2 mM okadaic acid. IVCC, M-phase o
of granulosa cells. GOC, M-phase oocytes that acquired meiotic co
MII, Oocytes arrested at metaphase II. (B) Representative trial, sh
Coomassie staining (bottom panel). Fifteen oocytes per lane.could not develop HTA following entry into metaphase.
© 2001 Elsevier Science. AInduction of Ca21 Oscillations in Incompetent
Oocytes Is Associated with an Enhanced
Response to Okadaic Acid
Competent oocytes produce detectable intracellular cal-
cium oscillations, whereas incompetent oocytes do not
(Carroll et al., 1994). To investigate whether these oscilla-
tions might be linked to the ability to develop HTA, we
attempted to induce them in incompetent oocytes. Oocytes
were collected, loaded with a calcium-sensitive fluorescent
dye, Fura 2, then monitored during perfusion with 10 mM
SrCl2 in Ca21-free medium. Of 20 oocytes examined in two
experiments, 6 (30%) demonstrated an increase in intracel-
lular Ca21. One oocyte exhibited multiple Ca21 transients
(26 in total), another generated three spikes, while a single
spike was detected in four oocytes (Fig. 4). Thus, SrCl2 was
able to induce at least a single Ca21 oscillation in a
proportion of incompetent oocytes.
We then tested whether SrCl2 treatment affected the
response of incompetent oocytes to okadaic acid. Incompe-
tent oocytes were incubated in the presence or absence of
SrCl2 for 6 h, then exposed to okadaic acid for 2 h. Following
overnight incubation in okadaic acid-free medium, they
ts. (A) For each of eight trials, assay results were quantified then
ted oocytes (GV). Reported value is an average of transformed data
Student’s t test revealed that treatments marked by an asterisk (*)
ifferent from each other. OA, incompetent oocytes that entered
es that acquired meiotic competence during culture in the absence
ence during culture in the presence of surrounding granulosa cells.
g radiolabelled histone H1 (top panel), and total H1, as seen bytmen
arres
s by
not d
ocyt
mpet
owinwere fixed and stained with DAPI to assess the cell-cycle
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202 McLay, Carroll, and Clarkestate. In each of three independent trials, the oocytes
treated with SrCl2 followed by okadaic acid showed a
significantly higher frequency of GVBD than the oocytes
treated with okadaic acid alone (Table 3; t test, P , 0.01).
Incompetent oocytes treated with only SrCl2 did not enter
metaphase (data not shown). Thus, exposure of incompe-
tent oocytes to SrCl2 enhanced their ability to enter meta-
phase in response to okadaic acid.
Induction of Ca21 Oscillations in Incompetent
Oocytes Promotes Development of HTA
We then tested the effect of SrCl2 on the development of
HTA in incompetent oocytes. These were collected and
incubated in medium containing SrCl2 for 6 h, exposed to
okadaic acid for 2 h, then incubated overnight in okadaic
acid-free medium. The next day, those oocytes that had
undergone GVBD were inseminated and incubated over-
night. In approximately two-thirds of the oocytes, the
sperm chromatin remained dispersed and was not stained
by the anti-histone antibody. However, in one-third of the
oocytes the sperm chromatin had become condensed and
was stained by the anti-histone antibody (Fig. 2; Table 1,
column 5). In contrast, condensed and immunoreactive
sperm chromatin was not found in incompetent oocytes
that had been incubated for 30 min in medium containing
FIG. 4. Calcium changes in incompetent oocytes in response to
strontium-containing medium. Incompetent oocytes were loaded
with Fura 2 and Ca21 monitored as described in Materials and
Methods. One oocyte showed a series of 26 Ca21 transients, of
which the first 4 are shown in (A). More typical of oocytes
generating a response (4 of 6) was a single Ca21 spike as shown in
(B). Data are from 20 oocytes that were monitored in 2 separate
experiments. The Ca21 change is presented as the ratio of 340/380
nm.10 mM BAPTA-AM, an inhibitor of intracellular Ca21 oscil-
© 2001 Elsevier Science. Alations, prior to the SrCl2 treatment (Table 1, column 6).
Thus, exposure to SrCl2 enabled a proportion of incompe-
tent oocytes to develop HTA upon exposure to okadaic acid.
DISCUSSION
We have examined whether mouse oocytes at different
stages of growth can, upon meiotic maturation, develop an
activity, termed HTA, which assembles histones onto
sperm chromatin. Growing oocytes that had achieved mei-
otic competence, as defined by spontaneous GVBD and
chromosome condensation, develop HTA during matura-
tion. In contrast, incompetent oocytes treated with okadaic
acid, although they entered metaphase, did not develop
HTA. When incompetent oocytes were cultured to compe-
tence, however, a portion of them could develop HTA.
These results indicate that incompetent oocytes lack the
ability to develop HTA and that this ability normally is
acquired in association with meiotic competence.
The ability to develop HTA appears to be distinct, how-
ever, from meiotic competence, as a proportion of oocytes
that acquired meiotic competence during culture did not
also acquire the ability to develop HTA. Conversely, induc-
tion of Ca21 oscillations in incompetent oocytes enabled a
proportion to develop HTA but did not induce competence.
Thus, these two processes appear to be at least partially
under separate control. The acquisition of competence is
accompanied by an increase in the quantity of both cdc2
kinase and its activating phosphatase, cdc25, in growing
oocytes (Chesnel and Eppig, 1995b; de Vantery et al., 1996;
Kanatsu-Shinohara et al., 2000; Mitra and Schultz, 1996).
TABLE 3
Effect of SrCl2 Pretreatment on Response of Incompetent
Oocytes to Okadaic Acid
Trial
Oocyte
response
Oocyte treatment
Okadaic acid SrCl2 1 okadaic acid
1 Prophase 23 (36.5%) 11 (16.4%)
Metaphase 40 (63.5) 56 (83.6)
Total 63 67
2 Prophase 29 (46.8) 17 (26.6)
Metaphase 33 (53.2) 47 (73.4)
Total 62 64
3 Prophase 26 (49.1) 8 (17.0)
Metaphase 27 (50.9) 39 (83.0)
Total 53 47
Note. Incompetent oocytes were incubated in the presence or
absence of 10 mM SrCl2 for 6 h, then exposed to 1 mM okadaic acid
for 2 h, transferred to okadaic acid-free medium and incubated
overnight. Oocytes were fixed and stained with DAPI to assess the
state of the chromatin. In each trial, the proportion of oocytes that
entered metaphase was significantly higher (t test, P , 0.01)
following SrCl2 1 OA as compared with OA.
ll rights reserved.
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modified as a prerequisite for its interaction with cdc2
kinase (de Vantery et al., 1997). It is possible that factors
necessary for the development of HTA also accumulate
during oocyte growth, normally reaching a threshold level
near the time when meiotic competence is acquired.
The culture of incompetent oocytes in the presence of
granulosa cells increased the fraction that acquired the
ability to develop HTA. Intercellular communication be-
tween the germ and somatic cell types is critical for
oogenesis (reviewed in Buccione et al., 1990). The two
compartments are linked by gap junctions (reviewed in
Schultz, 1986) whose function is required for normal oogen-
esis (Simon et al., 1997), and by an extracellular communi-
cation system involving the tyrosine kinase receptor, c-Kit,
and its activator, kit ligand (reviewed in Besmer et al.,
1993). The presence of granulosa cells increases protein
synthesis and phosphorylation in the oocyte (Brower and
Schultz, 1982; Cecconi et al., 1991; Colonna et al., 1989; De
La Fuente and Eppig, 2001; Eppig, 1979; Schultz, 1985).
Likewise, granulosa cells may directly or indirectly pro-
mote the development of HTA during oocyte growth.
Meiotically competent oocytes produce regular Ca21 os-
cillations that persist as long as the oocyte is arrested at
prophase I (Carroll et al., 1994). The physiological function
of these oscillations is not yet known. We found that
one-third of incompetent oocytes exposed to SrCl2 mani-
fested at least one Ca21 oscillation. A similar proportion of
incompetent oocytes treated with SrCl2 and subsequently
with okadaic acid was able to develop HTA following entry
into M-phase. Although it is not possible to demonstrate
that the oocytes that produce Ca21 oscillations in response
to SrCl2 are those that develop HTA, it may be proposed
that the induction of Ca21 oscillations in incompetent
oocytes in vitro leads to the development of HTA after
entry into M-phase. The Ca21 oscillations observed in
competent oocytes may likewise promote the development
of HTA during oocyte growth in vivo.
Ca21 oscillations are implicated in numerous events of
early embryogenesis, including activation at fertilization
(reviewed in Jaffe, 1990; Homa et al., 1993), the rate of
cleavage to the blastocyst stage (Blancato and Seyler, 1990),
compaction (Pakrasi and Dey, 1984), cavitation of the
blastocyst (Ducibella and Anderson, 1979; Stachecki et al.,
1994), and outgrowth of the trophectoderm (Wang et al.,
2000). Ca21 oscillations have been shown to modulate
transcription of specific genes (Bading et al., 1995; Lerea and
McNamara, 1993; Li et al., 1998; Tao et al., 1998), including
by changes in the frequency, duration, and amplitude of
these oscillations (Dolmetsch et al., 1997, 1998). Ca21 also
acts posttranscriptionally; for example, the cell-cycle regu-
lator, cdc25, is a substrate of the calcium/calmodulin-
dependent protein kinase (CaMII kinase; Patel et al., 1999)
and injection of constitutively active CaMII kinase into
immature oocytes of Xenopus induces meiotic maturation
(Waldmann et al., 1990). Ca21-activated CaMII kinase also
promotes the degradation of cyclin B upon egg activation
© 2001 Elsevier Science. A(Lorca et al., 1993; Murray et al., 1989). The Ca21 oscilla-
tions in competent oocytes, or triggered in incompetent
oocytes, could act through several mechanisms to promote
the development of HTA.
The molecular nature of HTA is unknown. Although no
mammalian homologue of nucleoplasmin has been reported,
nucleoplasmin of Xenopus is able to decondense the sperm of
diverse organisms, including molluscs and mammals (Brown
et al., 1987; Ohsumi et al., 1988; Rice et al., 1995; Ruiz-Lara et
al., 1996), which suggests that a functionally homologous
factors may be widespread. Mammalian cells contain numer-
ous factors that can assemble nucleosomes in the absence of
DNA replication (reviewed in Philpott et al., 2000; Verreault,
2000). Of particular interest are the proteins Npm3
(MacArthur and Shackleford, 1997), which bears striking se-
quence similarity to nucleoplasmin, and nucleosome-
assembly protein 1 (NAP-1; yeast, Ishimi and Kikuchi, 1991;
mouse, unpublished gb: D12618), whose encoding mRNAs are
present in mouse oocytes (D.M. and H.C., in preparation).
Other proteins implicated in chromatin remodelling, includ-
ing the Brahma-related proteins, mBrm and mBRG-1 (LeGouy
et al., 1998; Randazzo et al., 1994), are also present in mouse
oocytes.
Our results suggest the following model. Growing oocytes
accumulate factors, such as NAP-1 or Npm3 or their encoding
mRNAs, which are required for the development of HTA.
These factors reach a threshold amount at the time of meiotic
competence, and their accumulation or activity is promoted
by Ca21 oscillations. Upon entry of the oocytes into meta-
phase of meiotic maturation, these factors become active, for
example, through cdc2 kinase-dependent translation of the
encoding mRNAs. An increase in cdc2/cyclin B activity is
necessary, but not sufficient for development of HTA. An-
other important cell cycle regulator, MAP kinase, is likely not
required for development of HTA, as the oocytes from mos-
deficient mice, which also lack active MAP kinase, are able to
be fertilized and produce live offspring (Colledge et al., 1994).
Thus, at the time of fertilization, metaphase II, active HTA is
present and assembles histones onto the sperm chromatin,
completing an early, critical step in the production of a
transcriptionally competent paternal genome.
The chromatin remodelling activity of the oocyte has
attracted recent interest in the wake of successful cloning
by transfer of somatic nuclei into oocytes (Baguisi et al.,
1999; Campbell et al., 1996; Kato et al., 1998; Onishi et al.,
2000). It is tempting to speculate that HTA or similar
activities may be important for the reprogramming of
somatic nuclei after transfer into oocytes. For example,
nucleoplasmin is taken up by Xenopus somatic nuclei
during remodelling in an oocyte extract (Kikyo et al., 2000),
and mediates the replacement of somatic histone H1 by the
oocyte-specific linker histone, B4 (Dimitrov and Wolffe,
1995). Identification of the chromatin-remodeling activities
present in the oocyte and early embryo and their mecha-
nisms of action will enable us to understand how a genome,
regardless of its source, acquires developmental totipo-
tency.
ll rights reserved.
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